Embryoid bodies have a number of similarities with cells in gastrulation, which provides useful biological information about embryonic stem cell differentiation. Extensive research has been done to study the control of embryoid body-mediated embryonic stem cell differentiation in various research fields. Recently, microengineering technology has been used to control the size of embryoid bodies and to direct lineage specific differentiation of embryonic stem cells. However, the underlying biology of developmental events in the embryoid bodies of different sizes has not been well elucidated. In this study, embryoid bodies with different sizes were generated within microfabricated PEG microwell arrays, and a series of gene and molecular expressions related to early developmental events was investigated to further elucidate the size-mediated differentiation. The gene and molecular expression profile suggested preferential visceral endoderm formation in 450 µm embryoid bodies and preferential lateral plate mesoderm formation in 150 µm embryoid bodies. These aggregates resulted in higher cardiac differentiation in 450 µm embryoid bodies and higher endothelial differentiation in 150 µm embryoid bodies, respectively. Our findings may provide further insight for understanding embryoid body size-mediated developmental progress.
Introduction
Embryonic stem cells (ESCs) have received extensive attention in the field of cell biology and applied science due to their pluripotency. Hence, extensive research on differentiation of ESCs has been done using various in vitro culture techniques. ESCs are known to initiate a range of tissue-specific differentiation via the formation of tissue-like spheroids called embryoid bodies (EBs). 19 EB development recapitulates many aspects of early embryogenesis with various gene expressions following the time-dependent sequence of the lineage commitment events to form three germ layers. vascular development. 13 However, the typical heterogeneity in the differentiation of EBs hinders production of defined cell types, which can be modulated by culture methods for EB formation. It is reported that in vitro cardiac mesoderm formation and subsequent cardiogenic differentiation occurs after 5 days of culture. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] On the other hand, although the culture time of EBs has been considered as an important parameter to induce ESC differentiation via three germ layer formation, ESC differentiation was recently reported to be also influenced by EB sizes accompanied with culture time. 5 In recent years, various microscale technologies have been applied to control stem cell differentiation fate, and microfabrication technique has provided an efficient tool to control EB size homogenously. 9, 27, 28 In our previous study, a polyethylene glycol (PEG) hydrogel microwell array was developed as an ESC culture platform, 9 enabling control over homogenous EB size. It was demonstrated that microwell-mediated EB size control induced a differential lineage commitment; namely, a higher fraction of larger EBs (450 µm) showed preferential differentiation towards the cardiogenic lineage, whereas a greater number of endothelial cells were generated in smaller EBs (150 µm). 27 The differential expression of Wnt5a and Wnt11, two members of the noncanonical WNT pathway, was found to be directly involved in the EB sizemediated differentiation into cardiac and endothelial lineage. There is a recent study reporting that endothelial differentiation of ESCs could be optimized by screening size-varying EBs produced by a size-tunable concave microwell array. 54 Another intriguing report has been recently published, which demonstrated that novel size-controllable 3D-configurations of ESCs could direct hepatic differentiation of ESCs. 55 However, upstream developmental events to influence such differential ESC differentiation through the control of the colony sizes have not been elucidated.
Therefore, the central aim of this study is to characterize the differentiation process for elucidating the underlying biology to determine EB size-mediated differential cardiac and endothelial differentiation. To achieve this, different sized EBs (150 and 450 µm) were generated homogenously using a previously established PEG microwell array (150 and 450 µm in diameter) culture platform, and a series of gene and molecular expressions related to early developmental events was investigated. In particular, we tested if the formation of visceral endoderm-like cells in larger EBs (450 µm) may enhance cardiogenic differentiation, whereas the preferential development of lateral plate mesoderm in smaller EBs (150 µm) induced higher endothelial differentiation.
Experimental
Fabrication of Hydrogel Microwell Platforms. Microwell patterns with 150 and 450 µm diameters were generated on a silicon wafer by using an SU-8 photoresist (MicroChem Corp.). Polydimethylsiloxane (PDMS) stamps were used to mold PEG microwells. The PDMS stamps were fabricated by pouring a mixture (10:1) of silicone elastomer base solution and curing agent (Sylgard 184, Essex Chemical) on the patterned silicon master. PEG monomer solution was prepared with PEG dimethacrylate 1,000 (Polysciences, Inc.) mixed with 1% (w/w) of the photoinitiator, Irgacure 2959 (Ciba Specialty Chemicals Corp). Glass slides (75 mm × 25 mm; Fisher) were treated with 3-(trimethoxysilyl) propylmethacrylate (TMSPMA) (Sigma) for 30 min and baked at 70 o C overnight to mount the PEG hydrogel on the surface of the glass substrate. About 200 µL of PEG monomer solution was poured on the TMSPMA-treated glass, and a microfabricated PDMS stamp was placed over the solution. The monomers were cross-linked by exposure to UV light (350-500 nm wavelength, 100 mW/cm 2 ) for 30 s. After peeling off the PDMS stamp, the remaining PEG hydrogel microwell on the substrate was sterilized with 70% ethanol and washed with Phosphate buffered saline (PBS) overnight before use.
ESC and EB Cultures. Wild type (R1 and E14-Tg2a cell line) or genetically engineered murine ESCs that expressed green fluorescence protein (GFP) upon expression of Oct4 (R1) or Gsc (E14-Tg2a) promoter were cultured on tissue culture flasks coated with 0.1% gelatin (Sigma) using high glucose Dulbecco's Modified Eagles Medium (DMEM; Invitrogen) supplemented with 10% (v/v) ESC qualified-fetal bovine serum (FBS) (Invitrogen), 100 U/mL penicillin and 100 µg/mL streptomycin (Invitrogen), 1 mM L-glutamine (Invitrogen), 0.1 µM β-mercaptoethanol (Sigma), and 1,000 U/mL of leukemia inhibitory factor (LIF; Chemicon). For ESC seeding in microwells, 200 µL of cell suspension (1×10 6 cells per mL) was spread on a glass slide containing microwells. EBs were spontaneously formed and size-controlled within microwells while cultured in alpha Minimal Essential Medium (MEM; Invitrogen) containing 15% heat-inactivated FBS, and 100 U/mL penicillin and 100 µg/mL streptomycin (Invitrogen) with daily exchange of medium.
Reverse Transcription Polymerase Chain Reaction (RT-PCR). The RNA of collected EBs was extracted using RNeasy kit (Qiagen) by following the manufacturer's instructions. (Table I) . After amplification, PCR products were loaded on 1.2% (w/v) agarose gels containing 0.5 µg/mL of ethidium bromide. Fluorescence was developed under UV light using a gel documentation system (Gel Logic 100 Imaging System, Kodak). Each gene expression was normalized by a correspondent Immunocytochemistry. EBs were collected from microwells by gentle PBS pipetting, and fixed for 20 min at room temperature in 4% (w/v) paraformaldehyde (PFA; BDH Laboratory Supplies). The fixed samples were cryo-sectioned (10 µm) to stain the center area of EBs. For staining 2D-spread EBs, EBs collected from microwells were transferred onto laminin-coated 4-well chamber slides (Vector Laboratories) and then cultured for 7 days, followed by general immunocytochemistry processes. Briefly, the samples were treated with 0.2% (v/v) Triton-X-100 (BDH Laboratory Supplies) for 45 min at room temperature and washed twice with PBS. The samples were then incubated with 3% (v/v) blocking goat, donkey or rabbit serum (Vector Laboratories) in primary diluents composed of 0.05% (w/v) bovine serum albumin (BSA; SigmaAldrich), 0.01% (w/v) NaN 3 (Sigma-Aldrich) in PBS for 30 min at room temperature. The serum solution was removed and the samples were incubated with primary antibodies diluted in primary diluents at 4 o C overnight followed by two washes and incubation with secondary antibodies diluted in second- . For dual staining, the same steps after the first treatment of primary antibody were repeated for the second reaction. The stained samples were washed three times in PBS and mounted using SlowFade ® Gold antifade reagent with DAPI (Invitrogen). An inverted laser scanning confocal microscope (SP5 X MP, Leica) and Leica application suite (LAS) software were used to acquire 3D serial section images of EBs. Sectioned images (2 µm thick) were scanned in 200 MHz and then stacked by Image J (NIH). Antibodies used in this study are listed in Table II .
Flow Cytometric Analysis. Following microwell cultures, the microwell arrays containing EBs were washed once with PBS to remove traces of medium and debris in culture, and then the EBs were retrieved from the microwells by gentle PBS pipetting. EBs were dissociated to single cell suspensions by treatment with 0. (Table II) . Dead cells stained by DAPI (Invitrogen) were excluded from the analysis performed using LSRFortessa flow cytometer (BD Biosciences). Positive expression was defined as the level of fluorescence greater than 99% of the one measured using the corresponding isotype-matched control antibodies (R&D systems, Inc).
Statistical Analysis. The error bars on the relative comparisons of gene expressions represent the standard deviation (SD) of the mean obtained from three independent experiments (n=3). Each comparable value from 150 and 450 µm EBs was statistically analyzed with a Student's t-test at a level of significance of p<0.05.
Results

PEG Microwell-Mediated Size Control of EBs and Spontaneous Differentiation.
In this study, PEG hydrogel microwell array was fabricated to modulate EB size. As shown in , different sized PEG microwells were generated on glass plate using PDMS molds with multi-cylinders of 150 and 450 µm in diameters. After PEG microwell fabrication, undifferentiated ESCs suspended as single cells were docked into PEG microwells. After 30 min of incubation, undocked ESCs were removed by gentle washing, and EBs with different sizes could be homogenously formed in each microwells (Figure 1(B) ). There was no ESC adhesion on the bottom surface of PEG microwells due to the repellent surface of PEG for cell adhesion. Once EBs formed within microwells, spontaneous differentiation of ESCs within EBs was evaluated by observing Oct4-GFP expression. The time-course gradual decrease of Oct4-GFP intensity within EBs was observed in both 150 and 450 µm EBs within PEG microwells, which was consistent to the gradual down-regulation of Oct4 mRNA expression in RT-PCR analysis (Figure 1(C) and (D) ).
EB Size-Mediated Mesendodermal Differentiation. Accompanied with spontaneous differentiation of EBs within PEG microwells, gene expressions relevant to mesendoderm formation in the different-sized EBs were investigated (Figure 2 ). These mesendodermal cells are subsequently segmented to mesoderm, the origin of cardiovascular lineage, and endoderm, a source of inducing signals recruiting mesoderm to the cardiomyocyte lineage. [16] [17] [18] [19] [20] [21] [22] [23] Consistent to down-regulation of Oct4, the expression of Fgf5 mRNA were gradually down-regulated over time in both sizes of EBs, indicating spontaneous differentiation of EBs (Figure 2(A) ). During spontaneous differentiation, the transient expressions of the mesendodermrelated genes were observed in the 450 µm EBs. The 450 µm EBs displayed temporal distinct increase in mRNA expressions of a mesendoderm marker, goosecoid (Gsc), 20 a mesoderm marker, brachyury (Bra), 7 and an endoderm maker, Mixl1, similar trend to that in the 450 µm EBs, the transient upregulation of Gsc was not found at day 5 in the 150 µm EBs. Moreover, unlike the 450 µm EBs, the expression of Bra upregulated at day 5 was sustained until day 7 in the 150 µm EBs ( Figure  2(A) ). This pattern of Gsc mRNA expression in 150 µm EBs and 450 µm EBs was consistent to the temporal higher intensity of Gsc-GFP in 450 µm EBs at day 5 of EB culture within PEG microwells (Figure 2(B) ). EB Size-Mediated Differential Mesodermal and Endodermal Differentiation. Following the characterization of early differentiation such as mesendoderm formation in different-sized EBs, various gene expressions related to meso- derm formation and endoderm formation including visceral endoderm were investigated (Figure 3) . Interestingly, the gene expressions related to visceral endoderm formation such as Indian hedgehog (Ihh) 17 and alpha-fetoprotein (Afp) 14 were upregulated at significantly higher levels in 450 µm EBs ( Figure  3(A) ). In addition, immunocytochemical staining showed that a layer of cells showing strong Afp molecular expression was found to be at the periphery of 450 µm EB, and the high deposition of laminin, a major component of basement membrane which is layered between ectoderm and visceral endoderm layers, 2 was found to be co-localized with the cells of this layer (Figure 3(B) ). In contrast to 450 µm EBs, 150 µm EBs showed relatively weak gene and molecular expressions of Ihh, Afp and laminin. Such differential endoderm formation in 150 µm EBs and 450 µm EBs was also characterized further by various gene expressions related to endoderm formation. RT-PCR analysis displayed highly up-regulated gene expression profile indicating endoderm formation such as Foxa2, 11 Sox17, 25 and visceral endoderm formation such as Wnt3a 12 in 450 µm EBs in comparison to 150 µm EBs, but showed much lower gene expressions indicating mesoderm formation including lateral plate mesoderm formation such as Foxf1a and Bmp4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and Dkk1, an antagonist of Wnt3a 18 ( Figure 3(C) ). In contrast to 450 µm EBs, 150 µm EBs was characterized by relatively higher gene expressions of Bmp4, Foxf1a and Dkk1. The differential gene expression profile of ESCs in 150 µm EBs were characterized by strong molecular expression of Cdh3 known to be expressed mostly in lateral plate mesoderm 4 in the replated culture of 150 µm EBs on a laminin-coated tissue culture plate for 7 days (Figure 3(D) ).
EB Size-Mediated Differential Cardiogenic and Endothelial Differentiation. Finally, accompanied with early differential endoderm and mesoderm formation in 150 µm EBs and 450 µm EBs, further cardiogenic and endothelial differentiation was characterized by gene expression analysis, flow cytometric analysis, and immunocytochemical staining. As shown in Figure 4 (A), gene expressions related to vascular/endothelial differentiation such as Flk1, Vegf, Gata1, Tie2, Cd31, and Wnt5a were highly up-regulated in 150 µm EBs. Immunocytochemical staining obtained from 7 day-cultured EBs showed stronger molecular expression of Cd31 in 150 µm EBs (Figure 4(B) ). Flow cytometric analysis also showed the higher increase of Cd31+ population from 4.53% to 12.1% in 150 µm EBs (Figure 4(C) ). In addition, the vasculogenic culture of the replated EBs showed well developed VE-cadherin and higher Cd31 expressions in 150 µm EBs compared to those in 450 µm EBs (Figure 4(D) ). These results represented that ESCs in 150 µm EBs tended to differentiate towards endothelial lineage compared to the cells in 450 µm EBs. On the other hand, the expressions of cardiogenic genes such as Nkx2.5, Gata4, Wnt11, Tbx5, Nfatc1, and Nrg1 were up-regulated at higher levels in 450 µm EBs in comparison to 150 µm EBs (Figure 4(E) ), which was consistent to immunocytochemical results showing the relatively higher molecular expression of Nfatc1 in 450 µm EBs (Figure 4(F) ) and of MHC in the cardiogenic culture of replated EBs (Figure 4(G) ). These results represented that ESCs in 450 µm EBs tended to differentiate towards cardiogenic lineage compared to cells in 150 µm EBs.
Discussion
In recent years, microscale biotechnology has opened a new area in the studies of stem cells with the ability to regulate cellular behaviors under controlled microenvironments, and has provided more efficient tools to study cell biology. Microfabrication-mediated control of physical environment around cells in micro-scale could allow the precise modulation of cell to cell interaction. In our previous studies, PEG hydrogel microwell arrays were fabricated to culture ESCs in micro scale, and EB sizes could be modulated in a controlled manner via self-aggregation of ESCs within a restricted space with repellent surface against cell adhesion.
6-9 Although many studies reported time-dependent ESC differentiation via formation of three germ layers within EBs, our previous study showed that ESC differentiation fate could be also controlled by EB sizes. During suspension culture of EBs, time-dependent increase of EB size approximately from 150 to 450 µm until day 5 was found, and this finding suggested that ESC differentiation might not be influenced only by culture time or EB size independently. Therefore, the EB size-mediated ESC differentiation was evaluated by controlling EB size in microfabricated microwell arrays at the same period of culture, and showed that large EBs generated preferential cardiac differentiation and small EBs generated preferential endothelial differentiation, which was controlled by differential Wnt5a and Wnt11 expressions according to EB size. 27 However, the precise underlying biology to determine both lineage specific differentiations in different sized EBs has not been elucidated.
Hence, in this study, a series of gene and molecular expressions related to early developmental events during EB formation to influence cardiac and endothelial lineage differentiation were investigated. The gradual decrease of Oct4 (Figure 1(C) , (D), and (E)) and Fgf5 (Figure 2(A) ) expressions represented spontaneous differentiation of EBs formed within microwells, which corresponded to the increase in the intensity of goosecoid-GFP of EBs (Figure 2(B) ). The upregulated mRNAs of a mesendoderm marker, goosecoid, 20 a mesoderm marker, brachyury, 7 and an endoderm maker, Mixl1, 3 indicated spontaneous mesendoderm formation in 150 µm EBs and 450 µm EBs under our culture condition, while mesendoderm formation was found to be higher in 450 µm EBs (Figure 2(A) ). It was reported that the goosecoid expression indicating mesendoderm is a divergent point for mesoderm and endoderm. 20 In this study, the development of endoderm and mesoderm during EB formation within microwells was further characterized by assessing gene expression profiles. Relatively higher endodermal differentiation including visceral endoderm formation was found in 450 µm EBs, which was characterized by highly upregulated expression of Ihh which is known to be expressed in the visceral endoderm 17 and Afp, a visceral endoderm marker 14 ( Figure 3(A) ). This was consistent to the high deposition of laminin at outer region of EB in immunocytochemical analysis (Figure 3(B) ). Laminin is a major component of basement membrane which is layered between ectoderm and visceral endoderm layers, and the basement membrane organization is known to be essential for functioning of visceral endoderm as programmed in the early developmental processes.
2 Such a formation of highly developed endoderm in 450 µm EBs was also proven by various gene expressions displaying the endoderm formation such as the expressions of Sox17, 25 Foxa2 11 and visceral endoderm formation such as Wnt3a. 12 In contrast to ESC differentiation in 450 µm EBs, ESC differentiation in 150 µm EBs was characterized by relatively higher gene expressions of the mesoderm formation such as Bmp4 and Foxf1a. It is well known that Foxf1a is downstream target of Bmp4 in mesodermal signaling, 26 while expressed in lateral plate mesoderm. 10 Such mesoderm formation in 150 µm EBs was also characterized by the molecular expression indicating well developed Cdh3 (also called as P-cadherin), which known to be expressed mostly in lateral plate mesoderm.
EBs, which might be related with the lower expression of Wnt3a, known to be expressed in visceral endoderm, in comparison with 450 µm EBs. These results of gene and molecular expressions related to the early developmental events represented that ESC differentiation in 450 µm EBs was characterized by well-developed visceral endoderm formation and ESC differentiation in 150 µm EBs was characterized by welldeveloped lateral plate mesoderm.
The preferential early differentiation of ESCs to visceral endoderm in 450 µm EBs and to lateral plate mesoderm in 150 µm EBs supported further cardiogenic differentiation in 450 µm EBs and endothelial differentiation in 150 µm EBs (Figure 4 ). Consistent to our previous study, 27 150 µm EBs showed preferential endothelial differentiation, which was proven by relatively higher gene expressions such as Flk1, Vegf, Gata1, Tie2, Cd31, and Wnt5a in vasculogenic culture of the replated 150 µm EBs in comparison with that of 450 µm EBs. Such enhanced endothelial differentiation was also characterized by VE-cadherin and Cd31 molecular expressions (Figure 4(D) ). In addition, preferential cardiogenic differentiation was developed in cardiogenic culture of the replated 450 µm EBs, which was proven by the upregulated gene expressions such as Nkx2.5, Gata4, Wnt11, Tbx5, Nfatc1, and Nrg1, as well as relatively higher molecular expression of MHC. It has been well proven that visceral endoderm plays a key role of controlling cardiac mesoderm formation and further cardiogenesis, 25 and lateral plate mesoderm supported endothelial differentiation and vasculogenesis. 6 
Conclusions
This study demonstrated that a microfabrication technique provided an efficient culture platform to control and generate homogenous EBs in their size. Further, different preferences of lineage commitments towards cardiac and endothelial lineages in the EBs of different sizes were attributed to the discriminated development of visceral endoderm in 450 µm EBs and lateral plate mesoderm in 150 µm EBs, respectively. Our findings in this study could introduce an interesting insight of EB's developmental progress based on their sizes and a new parameter to control ESC differentiation.
